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[1] Simultaneous measurements of near-surface ozone, NO, (NO + NO,), and
meteorological parameters were carried out at the tropical coastal location of Trivandrum
(8.55°N, 77°E) in India from November 2007 to May 2009. The data have been used
to investigate the diurnal and seasonal patterns of ozone and its precursor, NO,, and also
the interdependence of these two chemical species. The diurnal pattern is found to

be closely associated with the mesoscale circulation (sea breeze and land breeze) and the
availability of NO,. The daytime peak in ozone extends until the onset of land breeze,
which brings in NO, for titration of ozone. Near-surface ozone concentration reaches
peak values during the postmonsoon or winter months and shows minima during

the summer or monsoon season. The high ozone concentration during winter is due to the
presence of northeasterly winds that transport precursor gases to the site. The daytime
concentration of ozone is found to be directly linked to the nighttime level of NO,.

The present analysis reveals that one molecule of NO, or NO, is responsible for the
formation of about seven to nine molecules of ozone. A study of satellite-derived
tropospheric ozone and total ozone has shown that tropospheric ozone contributes
8%—15% of total ozone over this site and near-surface ozone contributes 34%—83% of
tropospheric ozone. The seasonal pattern of tropospheric column ozone is similar to

that of tropospheric NO,.
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1. Introduction

[2] Tropospheric ozone is a crucial constituent which
determines the chemical transformations and lifetimes of
several trace gases in the troposphere [Levy, 1971; Weinstock
and Niki, 1972; Wofsy et al., 1972; Crutzen, 1995]. It is
responsible for the production of the highly reactive OH
radical, which oxidizes and removes the majority of pollu-
tants from the atmosphere [Levy, 1971; Carpenter et al.,
1997]. Through the absorption of infrared radiation at
9.6 um, ozone also acts as a greenhouse gas, which has
implications for the global climate. Even though the warm-
ing effect of ozone is small compared to gases such as CO,,
methane, and water vapor, at ~0.35 W mfz, it is still sig-
nificant [Intergovernmental Panel on Climate Change,
2007]. Ozone is also an environmental pollutant with
adverse effects on human health and vegetation [Heck et al.,
1982; Reich and Amundson, 1985; Chameides et al., 1994,
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1999a, 1999b; Lee et al., 1996; Finnan et al., 1997; World
Health Organization, 2000].

[3] In the troposphere, ozone is formed by two major
mechanisms, namely, (1) intrusion from stratospheric alti-
tudes through large-scale or mesoscale eddy diffusion or
through meridional or zonal transport processes [Danielsen,
1959; Reiter, 1975] and (2) photochemical production
[Crutzen, 1974; Chameides and Walker, 1976; Fishman
et al., 1979]. Photochemical production of tropospheric
ozone involves the oxidation of CO, CH,, nonmethane
hydrocarbons (NMHCs), and other volatile organic com-
pounds (VOCs), depending on the concentrations of NO,
(NO + NO,) and hydrogen oxide radicals (OH and peroxy
radicals), which act as catalysts in the reaction [Fishman
and Crutzen, 1977; Chameides, 1978; Crutzen et al.,
1979, 1985, 1999; Logan et al., 1981]. Biomass burning,
fossil fuel combustion, and other anthropogenic activities
generate CO, CHy4, VOCs, etc., which are oxidized to ozone
in a NO,-rich environment. The main sources of NO, are
fossil fuel combustion, biomass burning, soil microbial
activity, and lightning. NO plays a critical role in ozone
production, even in rural regions, where NO concentration
is higher than 10 parts per trillion (ppt) [Lin et al., 1988].
The amount of tropospheric ozone generated by the pho-
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tochemical reactions of chemical pollutants is much larger
than the influx of ozone from the stratosphere [Crutzen,
1995; Crutzen et al., 1999].

[4] Ozone is destroyed by either dry deposition or pho-
tochemical loss mechanisms. The most efficient loss
mechanism is the reaction with water vapor [Chameides and
Walker, 1976; Fishman and Crutzen, 1978]. To a great
extent, the lifetime of ozone is determined by the amount of
water vapor (a source of OH radical) and solar radiation
[Fishman et al., 1991; Michelsen et al., 1994]. The amount
of ozone destroyed through photochemical loss mechanisms
is several times greater than that destroyed as a result of
surface deposition [Ripperton and Vukovich, 1971].

[5] Meteorology also plays an important role in the for-
mation, dispersion, transport, and dilution of ozone in the
atmosphere [Comrie and Yarnal, 1992; Vukovich, 1994,
1995; Duerias et al., 2002; Elminir, 2005; Tu et al., 2007].
Type of air mass is another important factor in assessing
the ozone concentration on a regional scale [Naja et al.,
2003; Tu et al., 2007]. The seasonal and diurnal varia-
tions of surface ozone and its precursors and the related
meteorology have been extensively studied around the
world, particularly in Europe [Danalatos and Glavas, 1996;
Cardenas et al., 1998; Chatterton et al., 2000; Duefias
et al., 2002] and North America [4neja et al., 1997;
Olszyna et al., 1997; Raddatz and Cummine, 2001; Lehman
et al., 2004]. A few reports on the temporal features of
ozone and related gas pollutants are also available from
sites in China and Japan [Jaffe et al., 1996; Wang et al.,
2001; Chou et al, 2006; Tu et al., 2007]. However,
long-term measurements of surface ozone over tropics
where photochemistry is strongest are scarce. The diurnal
and seasonal variations of surface ozone have been reported
from a few sites in India [Khemani et al., 1995; Lal et al.,
2000; Naja and Lal, 2002; Nair et al., 2002; Debaje et al.,
2003; Naja et al., 2003; Jain et al., 2005; Beig et al., 2007;
Ghude et al., 2008; Reddy et al., 2008; Kumar et al., 2010].
These studies have indicated significant spatial hetero-
geneities in ozone distribution.

[6] This paper presents observations and analysis of the
diurnal and seasonal variations in surface ozone in associ-
ation with its precursors, nitrogen oxides (NO, = NO +
NO,), and the meteorological conditions at a tropical
coastal station, Trivandrum (8.55°N, 77°E, 3 m above sea
level), as recorded during the period November 2007 to
May 2009. First-cut results on the temporal behavior of
near-surface ozone at this location have already been
published by Nair et al. [2002]. The major focus of the
present study is on the interdependence of ozone and its
major precursor, NO,, which was not addressed by Nair
et al. [2002]. It may be noted that NO, measurements
from this location are reported here for the first time.
Moreover, this paper clearly establishes the role of meso-
scale meteorological features like sea breeze (SB) and land
breeze (LB) in relationship to the diurnal variations of
ozone as well as NO, (which was not discussed by Nair
et al. [2002]) and the role of synoptic-scale airflow in
their seasonal patterns. In addition, the seasonal variations
in tropospheric ozone, NO,, and column ozone were also
examined by making use of satellite-based data. Estimates
of the contribution of surface ozone to the tropospheric
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column and that of tropospheric ozone to the total column
ozone are also presented.

2. Observation Site and General Meteorology

[7] The observation site, Trivandrum, is situated on the
southwest coast of India ~500 m from the Arabian Sea, and
the coastline lies along the 145°-325° azimuth. The geo-
graphic location of the site along with a site map of the
study area is shown in Figure 1. The city of Trivandrum,
with a population of 744,983 (http://www.censusindia.gov.
in), lies east-southeast of the observation site about 10 km
away. The site is characterized by a fairly flat and sandy
terrain and is devoid of any large-scale industrial activity.

[8] Figure 2 shows the variation of monthly total rainfall
along with the mean relative humidity (RH) and tempera-
ture (T) during the study period. Figure 3 shows the
monthly mean airflow pattern at 925 hPa in the 0°-25°N
and 55°E-95°E sector surrounding the observation site
(marked by a black dot) for the year 2008, as obtained from
the National Centers for Environmental Prediction/National
Center for Atmospheric Research reanalysis (http://www.
esrl.noaa.gov/psd/data/gridded/reanalysis/). The most prom-
inent meteorological phenomenon at this site is the Asiatic
monsoon, which sets in by the first week of June [Asnani,
1993]. During the first phase of the monsoon season
(June—August), synoptic winds are stronger, the circulation
is southwesterly-westerly (from ocean to land), and the
observation site experiences heavy rainfall. The wind and
rainfall weaken by August or September, and by October or
November the wind direction changes to northeasterly. The
wind direction continues to be northeasterly until February,
when the flow is mostly from the continent. The annual
rainfall at this location is ~1800 mm, and on average, 75%
of the rainfall occurs between June and November, with <3%
occurring in December, January, and February. There are
moderate showers (~20%) from March through May, when
air temperature is highest and winds are in transition from
northeasterly to southwesterly (Figure 3). December, Janu-
ary, and February are characterized by low temperatures,
relatively dry atmospheric conditions, and insignificant
rainfall. On the basis of the major synoptic meteorological
conditions discussed above, a year is divided into four seasons:
winter (December—February), summer or premonsoon
(March-May), summer monsoon or monsoon (June—
August), and winter monsoon or postmonsoon (September—
November).

3. Experimental Technique and Data

[v] Continuous measurement of near-surface ozone was
carried out by using an online UV photometric ozone ana-
lyzer (model 49C, Thermo Electron Corporation, USA). This
instrument operates on the principle of absorption of UV
light by the ozone molecules at a wavelength of 254.7 nm.
Calibration of the instrument is done regularly by the built-in
ozonator (ozone generator) and zero air generator. The lower
detection limit of the instrument is 1.0 ppb. Air samples are
drawn at a height of ~3 m through a 5 ym PTFE filter
attached to the instrument through a Teflon tube with an
outer diameter of one quarter inch. The instrument takes
measurements at intervals of ~10 s, and data averaged at
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Figure 1. The geographic location of the site along with a site map of the study area.

5 min intervals were used in the present study. Simultaneous
measurements of nitrogen oxides (NO, NO,, and NO,) were
also carried out at 5 min intervals with a chemiluminescence
NO, analyzer (model ML® 9841B, Monitor Europe) from
November 2007 to May 2009. The instrument works on the
principle of gas phase chemiluminescence and performs
continuous analysis of nitric oxide (NO), total oxides of
nitrogen (NO,), and nitrogen dioxide (NO,). The instrument
has a resolution of 0.5 ppb and a response time of 10 s.
However, because of frequent rain showers, instruments
could not be operated continuously during September and
October 2008. Hence, records of complete diurnal cycles are
available for only 4-5 days, even though daytime measure-
ments are available for 12 days. For all other months 10-15
days of data are available. Meteorological parameters such as
temperature, relative humidity, rainfall, wind speed, and
wind direction were obtained at 5 min intervals from an
automatic weather station operating at the observation site.
[10] With a view toward broadening understanding of the
contribution of near-surface ozone to tropospheric ozone
and of tropospheric contribution to total column ozone,
satellite measurements have also been used in this study.
Currently, the data collected by the Ozone Monitoring
Instrument (OMI) and the Microwave Limb Sounder (MLS)
on board the EOS Aura satellite provide global coverage of

ozone measurements. OMI provides global coverage of a
single day, with nadir viewing and scanning back and forth
in the orbit track. MLS looks forward along its orbit track,
and measurements that are almost spatially coincident are
made by OMI and MLS with a time difference of <10 min.
OMI has a pixel size of 13 x 24 km? at nadir and a swath
width of 2600 km. Total column ozone is derived from
OMI using the Total Ozone Mapping Spectrometer
(TOMS) algorithm (version 8.5). MLS provides measure-
ments of stratospheric column ozone by the standard
method of pressure integration of ozone volume mixing
ratio (version 2.2). Tropospheric column ozone is deter-
mined using the residual method, which involves sub-
tracting measurements of MLS stratospheric column ozone
from OMI total column ozone after adjusting for the
intercalibration differences of the two instruments using the
convective cloud differential method [Ziemke et al., 2006].
Total ozone with a resolution of 0.25° x 0.25° can be
obtained online at http://toms.gsfc.nasa.gov/pub/omi/data/
Level3e/ozone, and tropospheric ozone with a resolution
of 1° latitude x 1.25° longitude is archived at ftp://
jwocky.gsfc.nasa.gov/pub/ccd/data_monthly new. The pre-
cision uncertainty for derived gridded ozone is 5 Dobson
units (DU) (7 ppbv), with a mean offset of 2 DU (OMI and
MLS) [Ziemke et al., 2009]. OMI also provides the tropo-
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Figure 2. The variation of monthly total rainfall along with
mean relative humidity (RH) and temperature (T) for November
2007 to May 2009.

spheric NO, column data, which are available daily with
a resolution of 0.25° x 0.25° (level 3, gridded) at http://avdc.
nasa.gov/. The tropospheric column NO, is underestimated
by 15%-30% [Celarier et al., 2008].

4. Results and Discussions

4.1.

[11] Ozone shows a systematic and consistent diurnal
variation with a daytime high and a nighttime low. Figure 4a
shows the typical diurnal pattern of ozone concentration at
the observation site, averaged over 10 days during winter.
Ozone concentration increases from 0700 LT (throughout
this paper local time corresponds to Indian Standard Time),
reaching a peak value of ~40 ppb at ~1000 LT, remaining
more or less steady until ~1900 LT, and then decreasing to a
low value of ~9 ppb late at night. Figures 4b—4d show the
diurnal patterns of NO, NO,, and NO,, respectively, corre-
sponding to the same periods. The NO, concentration lies in
the range of 0.5-1 ppb during daytime, increases to 6 ppb
during nighttime (~2200 LT), and remains high until early
morning. The NO concentration is very low, ranging from 0
to ~1 ppb, with the highest values occurring late at night and
in the early morning (~3 ppb). Diurnal patterns of NO, and
NO, are similar. The nighttime increase in NO is gradual
compared to that of NO,. Figures 4a and 4d clearly illustrate
the anticorrelation between ozone and NO,. Superposed on
the diurnal pattern of NO,, a sharp peak in NO, is seen at
~0800 LT, which could be due to the fumigation effect, a
widely discussed phenomenon in the context of dispersion
of pollutants [Stull, 1988]. This effect is not seen in the case
of ozone, as it gets depleted during the early evening hours.

[12] The diurnal variations in near-surface ozone con-
centration depend mainly on (1) photochemical reactions
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involving solar radiation and precursor gases of ozone;
(2) boundary layer meteorological conditions, such as tem-
perature and humidity or water vapor content; (3) changes in
wind speed and direction, leading to the transport of ozone
and/or its precursors; and (4) the effectiveness of surface
(dry) deposition. Generally, the daytime increase in ozone
concentration is attributed to the photochemical production
of ozone from its precursor gases [Fishman and Crutzen,
1978; Lin et al., 1988; Crutzen et al., 1999]. In the present
study, the role of NO,, the most crucial precursor of ozone, in
the evolution of the diurnal pattern is examined in detail.

[13] During daytime, photolysis of NO, takes place,
leading to the formation of ozone as shown in the following
reactions:

NO; +hrv — NO + O, (1)

O+0,+M— 03 +M. 2)

This subsequently leads to a decrease in NO, concentra-
tions. However, reactions (1) and (2) cannot account com-
pletely for the tropospheric ozone budget. Ozone is also
produced through a series of reactions involving CHy,
NMHCs, other VOCs, CO, etc., which are initiated by OH
radicals and are followed by the conversion of NO to NO,.
Photolysis of NO, gives rise to ozone, as reactions (1) and
(2) demonstrate. During nighttime, the process of titration
by NO, reduces ozone levels as follows:

NO + O3 — NO;, + O,. (3)

In general, the observed diurnal patterns of ozone and NO,
comply with these mechanisms. A detailed account of the
interdependence of ozone and NO, is given in section 4.3.

[14] Figures 4e—4h show the diurnal variation of the
boundary layer meteorological parameters, namely, tem-
perature, RH, wind speed, and wind direction, recorded for
the same period as ozone and NO,. It can be seen that
increase in ozone concentration is positively associated with
temperature, which, in turn, is negatively correlated with
RH, as expected. However, the times of increase in ozone
and temperature do not coincide exactly, with ozone
increase lagging behind. Wind shows sharp changes in
speed as well as direction around 0845 LT in the morning
and 2000 LT in the evening. These changes correspond to
the onsets of SB and LB, respectively. Section 4.4 gives a
detailed account of the role of meteorological conditions and
mesoscale circulation (SB and LB) in governing the diurnal
variation of ozone and NO,.

4.2. Seasonal Variations

[15] Almost all the diurnal patterns of ozone observed at
this site reveal similar features, as shown in Figure 4a, with
daytime high and nighttime low. However, the times of
morning increase, evening decrease, and daily maximum as
well as minimum values show variations over the course of
a year. In order to understand the seasonal features, the
diurnal patterns were examined on a monthly basis. Figure 5
shows the monthly averaged diurnal patterns of surface
ozone (red) and NO, concentrations (blue) for the study
period. An analysis of these monthly mean diurnal patterns
revealed certain seasonal features. The daytime ozone peak
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Figure 3. Mean airflow pattern at 925 hPa over the Indian region, obtained from the National Centers
for Environmental Prediction/National Center for Atmospheric Research reanalysis for the year 2008. The
black dot represents the observation site, Trivandrum.

is broader and peak values are higher from October through
February (postmonsoon and winter months). Evening
decrease in ozone is sharper during this period and is
gradual and extended during summer and monsoon months
(March—August). The monsoon months are characterized by
low ozone concentration and short duration of peak. It was
also seen that NO, remains high during night and early
morning hours and gets depleted after sunrise. In any month
the decrease in NO, coincides with the increase in ozone.
The fumigation peak observed in NO, during the early
morning hours is more prominent from October to May.
This could be due to the fact that convective activities
become active after monsoon and are strongest during the
summer. The amount of pollutants trapped above the noc-
turnal boundary layer could be greater during this period.
Moreover, the prevailing winds being northeasterly (from
October to February or March), transport of pollutants is
also at its highest. In fact, the peak diminishes in amplitude
or vanishes during the monsoon months.

[16] The seasonal mean daytime ozone concentration and
that of nighttime NO, are shown in Figures 6a and 6b,

respectively, and a positive correlation is seen between the
two. From Figures 5 and 6, it is clear that daytime ozone
concentration as well as nighttime NO, both peaked in the
postmonsoon or winter months (DJF). During monsoon
season, the lowest levels of both ozone and NO, were
observed, with peak values of 20-23 ppb and 2-3 ppb,
respectively. However, the daytime concentration of NO,
was ~1 ppb and was comparable for all seasons, as in the
case of nighttime ozone. These seasonal variations can be
associated with changes in synoptic wind patterns, pre-
vailing air mass type, and seasonal differences in solar
irradiance. From October until February, when ozone con-
centration is high, the wind flow is easterly or northeasterly
and directed from the inland locations (Figure 3). Figure 7
shows the 7 day air mass back trajectories reaching the
location at 200 m (within the boundary height) at 0600 UT
obtained using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model for the year 2008
(R. R. Draxler and G. D. Rolph, 2003, http://ready.arl.noaa.
gov/HYSPLIT.php). During October to February, the air
mass trajectories originated from the northeast and traversed

50f 16



o
o
=
e}
S
s}

[<2]
o

(a)

Ozone (ppb)
N A
o o
) )
L

NO (ppb)

NO, (ppb)
o H (<] NODNPMMOO O N H o O

1
Ke)
o
e
X
o
4
36 L L L L L L 1
_ 32} ()
© ot J
=l i
20 L L L L L L L

00 04 08 12 16 20
Time (IST)

o 1 1 1

Figure 4. A typical diurnal pattern of (a) ozone, (b) NO,
(¢) NO,, and (d) NO, concentrations; (e) temperature;
(f) relative humidity; (g) wind speed (WS); and (h) wind
direction (WD). The wind direction between the dashed
lines in Figure 4h represents the SB.

the landmass on the eastern side of the observation site (in
contrast to other seasons, when it came from the ocean).
This air mass brought to the site polluted continental air,
which was rich in NO,. This was manifested as a prominent
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increase in nighttime NO, since a strong SB prevailed at the
site during daytime and photochemistry was active. In this
context, it should be noted that even though rainfall was
strong from September to November (Figures 2 and 6), day-
time ozone and nighttime NO, showed high values, indi-
cating the influence of long-range transport.

[17] The nighttime NO, concentration, which was <3 ppb
during monsoon season and <5 ppb in summer months,
increased to ~6—10 ppb during the winter. Moreover, con-
vective activities and turbulent mixing were weak during the
winter (leading to lower boundary layer height), which
resulted in confinement of pollutants near the surface, thus
increasing their concentration levels. In addition, biomass
burning in the southern peninsular region is at a maximum
during this season [Galanter et al., 2000], causing transport
of precursors over to the observation site. During March,
winds were weak (Figure 3), and the airflow pattern as well
as origin of air mass back trajectories started to change.
During summer, the trajectories originated over the marine
environment and traversed a smaller area of landmass. But
solar irradiance was at maximum and photochemistry was
stronger during these months. Hence, the observed ozone
concentration during summer months could be attributable
mainly to photochemistry. However, the strong convective
activity that is characteristic of summer enabled mixing of
ozone and precursors to higher levels, thereby causing dilu-
tion of pollutants near the surface. During monsoon season,
winds were strong in a westerly-southwesterly direction,
back trajectories were of oceanic origin, and marine air mass
prevailed over the Indian subcontinent. Marine air mass was
relatively clean compared to the continental type, which was
affected by human activities [Xu et al., 1997; Chan et al.,
1998; Saito et al., 2002]. In addition, the cloudy condi-
tions reduced the solar irradiance, decreasing the day-night
contrast in temperature and suppressing the photochemistry.
Washout processes by heavy rains also had an effect during
monsoon season. Over several locations in the Asian region,
ozone showed low concentration during this period owing
to the inflow of clean maritime air mass [Lam et al., 2001;
Chou et al., 2006].

[18] Figure 6 also indicates significant differences in
ozone concentrations from 2007-2008 to 2008-2009. The
seasonal mean ozone concentration was found to be highest
during winter 2008-2009, reaching values as high as
40 ppb, with the nighttime level of NO, being 4-5 ppb. It
was higher by ~10 ppb than that of winter 2007-2008.
Ozone concentration of summer 2009 was also substantially
higher compared to that of summer 2008 (by ~15 ppb). The
difference in the ozone concentrations in these 2 years was
examined in light of the meteorological conditions that
prevailed during the 2007-2009 period. The rainfall during
monsoon season (June to November) of 2007 and 2008,
which are periods prior to the 2007-2008 and 2008-2009
winters, respectively, was examined (at this tropical site
June to November is generally regarded as the rainy season,
as can be seen in Figure 2 and as is discussed in section 2).
The monsoon of 2007 (not shown in Figure 2) was very
active, with a total rainfall of 1525 mm, compared to the
monsoon of 2008, which had 1281 mm of rainfall. The
washout of ozone precursors by continuous rain and asso-
ciated high moisture content (RH >90%) could be the rea-
son for the reduced near-surface ozone during winter 2007.
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Figure 5. The monthly averaged diurnal patterns of (red) surface ozone and (blue) NO, concentrations.

The monthly mean temperature was also significantly higher
(by ~2°) during 2008-2009 compared to that of 2007-2008
(Figure 2), which again indicates the possibility of higher
photochemical production of ozone during the 2008-2009
period. But ozone levels in winter (2008—2009) and summer
(2009) are comparable (with daytime maximum falling in
the range of 4042 ppb). The seasonal pattern of ozone
observed during the 1997-1998 period at this location
showed maximum ozone concentrations during summer
with slightly lower values in winter [Nair et al., 2002].
These peak values were lower than those observed during

2009 but higher than those recorded in 2008. This shows
that at this location the annual peak in ozone can occur
during summer or winter. While the summer peak is decided
by photochemistry, the winter peak is attributable to long-
range transport of precursors from the inland locations. The
peaks that appear in winter indicate an increase in the
accumulation of NO,, as discussed above.

4.3. Surface Ozone and NO, Relationship

[19] Several studies have shown that morning production
and evening-nighttime destruction rates of ozone are pro-
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and G. D. Rolph, 2003, http://ready.arl.noaa.gov/HYSPLIT.php) for the year 2008.
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Figure 8. The monthly variation of NO, against surface ozone for morning (circles) and evening
(triangles). The straight line in each plot represents the best fit line.

portional to the NO, concentration [Chameides and Walker,
1973]. All the diurnal patterns in Figure 5 show a decrease
of NO, associated with a morning increase in ozone. Sim-
ilarly, an evening decrease in ozone is associated with a
buildup of NO,. The ozone and NO, data that correspond to
these periods (morning and evening) are separated from the
monthly mean diurnal data (Figure 5). Figure 8 shows the

variation of NO, against ozone for morning (0900-1655 LT)
and evening (1700—-0855 LT) on a monthly basis (represented
by different symbols). The straight line in each plot represents
the best fit line obtained by linear regression analysis. Table 1
lists the correlation coefficient, y intercept, slope, and
standard deviation for morning and evening on a monthly
basis. In all cases, ozone and NO, were negatively corre-
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Table 1. The Correlation Coefficient, y Intercept, Slope, and Standard Deviation for Morning and Evening on a Monthly Basis for

Surface Ozone and NO,*

Morning Evening
Month r Intercept Slope SD r Intercept Slope SD

Nov 2007 —0.982 40.383 —4.765 0.229 —0.989 26.936 —2.766 0.095
Dec 2007 —0.984 28.611 —-1.633 0.064 —0.956 24.638 —1.502 0.106
Jan 2008 —0.997 31.169 —-1.875 0.030 —0.988 24.371 —-1.739 0.075
Feb 2008 —0.989 27.827 —-1.961 0.091 —0.996 26.033 —2.826 0.082
Mar 2008 —0.998 26.833 —2.723 0.045 —0.988 20.908 —2.395 0.085
Apr 2008 —0.993 23.037 —2.760 0.065 —0.968 21.901 -3.329 0.127
May 2008 —0.988 19.246 —2.056 0.073 —0.964 16.847 —1.635 0.120
Jun 2008 —0.997 18.284 —=3.769 0.098 —0.888 18.444 —2.450 0.260
Jul 2008 —0.989 21.521 —3.249 0.084 -0.977 17.204 —2.355 0.074
Aug 2008 —0.958 25.250 —5.818 0.356 —0.928 25.458 —6.771 0.479
Sep 2008

Oct 2008

Nov 2008 —0.982 45.014 —4.649 0.208 —-0.879 42.162 -3.712 0.821
Dec 2008 —0.957 45.881 -3.615 0.366 —0.990 38.369 -3.419 0.160
Jan 2009 —0.978 53.828 —4.600 0.236 —0.957 41.497 —-3.096 0.178
Feb 2009 —0.987 42.830 —3.268 0.111 —0.989 27.625 —2.000 0.063
Mar 2009 —0.955 39.124 —1.458 0.126 —0.989 37.623 =3.727 0.079
Apr 2009 —-0.970 39.193 —-3.361 0.152 —0.982 29.163 —2.195 0.085
May 2009 —0.994 26.164 —1.906 0.049 —0.952 23.549 -2.162 0.099

“The correlation coefficient has a significance level of p = 0.01.

lated with a correlation coefficient of >0.88, having a sig-
nificance level of p = 0.01. In general, slopes are higher
during the morning, indicating relatively faster increase or
buildup of ozone compared to the rate of decrease in the
evening. In other words, production processes are faster than
processes of destruction. Alternatively, during the evening
hours mesoscale transport processes could be a contributing
factor. This possibility is discussed in detail in section 4.4.
The intercepts show relatively low values during monsoon
season, which are probably attributable to the less active
photochemistry. During the months in which evening slopes
were higher (February, April, and August 2008 and March
2009), the winds were weak or undergoing transition
(Figure 3).

[20] The dependence of ozone on NO, and NO, is further
investigated by examining the monthly mean daytime values
of ozone in conjunction with nighttime concentrations of
NO,. Figure 9a shows the variation of monthly mean day-
time ozone along with that of nighttime NO,, and Figures 9b
and 9c show scatterplots of surface ozone with NO, and
NO,, respectively. The straight lines in Figures 9b and 9c
represent the best fit obtained through linear regression
analysis. Obviously, the daytime concentration of ozone is
positively correlated with nighttime NO, and NO, with the
respective correlation coefficients being 0.86 and 0.77,
which is significant at a 99% confidence level. There is no
clear-cut dependence of ozone on NO, which remained
rather steady (not shown). The interdependence of ozone
and NO, and NO, can be expressed through the following
linear relation:

[Ozone] = 9.2[NO,] + 6.1, (4)

[Ozone] = 7.7[NO,] + 2.1. (5)

This relation suggests that one molecule of NO, or NO, is
responsible for the formation of seven to nine molecules of

ozone. A similar rate of production is reported from rural
sites in China, Germany, and the United States [Trainer
et al., 1993; Volz-Thomas et al., 1993; Olszyna et al.,
1994; Cheung and Wang, 2001].

—/\—Surface Ozone (Day)
—O—NO, (Night)
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Figure 9. (a) The variation of monthly mean daytime sur-
face ozone along with that of nighttime NO, and scatterplots
of surface ozone with (b) NO, and (c) NO,.
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Figure 10. Typical cases of land breeze onset (a) early at ~1700 LT, (b) at ~1900 LT, and (c) late at

2300 LT.

4.4. Meteorological Effects on Temporal Variation of
Surface Ozone and NO,

4.4.1. Sea Breeze-Land Breeze Effect on Diurnal
Patterns of Ozone and NO,

[21] Being situated very close to the seacoast (coastline
lies along the 145°-325° azimuth), the study site experi-
ences persistent SB and LB activity throughout the year
[Narayanan, 1967; Moorthy et al., 1991]. Several experi-
mental studies have been conducted on SB-LB activity and
the associated thermal internal boundary layer at this site
[Kunhikrishnan et al., 1993]. Onset time of SB is between
0730 and 1130 LT, with the highest probability between
0830 and 0930 LT [Prakash et al., 1992]. By evening
SB weakens, and LB usually sets in between 1930 and
2230 LT. The wind blowing between 145° and 325°
(marked by dashed lines in Figure 4h) is considered to
be SB, while the seaward wind blowing between 325° and
145° constitutes LB. In general, the duration of SB is about
11 h [Prakash et al., 1992]. A close association is observed
between diurnal variations of ozone and NO, and SB-LB
activity. The onset of SB and morning increase in ozone
occur around the same time, probably because both of these
processes are driven by solar radiation. It is interesting to
note that photochemistry weakens by afternoon but ozone
concentration continues to be high until the onset of LB
(even after sunset). Figure 10 shows three typical cases of
LB onset: early at ~1700 LT (Figure 10a), at ~1900 LT
(Figure 10b), and late at 2300 LT (Figure 10c). On all these
days the evening-nighttime decrease in ozone coincides
with the onset of LB and an increase in NO,. It is established
that SB activity is associated with a return flow aloft from
warm land completing the circulation (called the SB cell).
Inland penetration of SB at the observation site has been
extensively studied using sodar, tower-based meteorological
instruments, as well as model simulations. The vertical
extent of the SB cell is ~1 km during the summer monsoon

and about 800 m during the postmonsoon [Prakash et al.,
1992; Kunhikrishnan et al., 1993; Rani et al., 2010], with
the landward extent of SB being only 30-50 km as it is
restricted by the presence of a mountain range about 30 km
southeast of the observation site. This inland region also
includes rural areas where no significant sources of ozone
and precursors exist. The extended peak in ozone concen-
tration even after sunset can be attributed to two factors:
(1) photochemically produced ozone is recirculated within
the SB cell and (2) the major depletion mechanism of
ozone during nighttime is titration by NO, [Jenkin and
Clemitshaw, 2000]. Because the site is very close to the
seacoast and there are no major sources of NO, present in
the vicinity, the NO, needed for titration becomes active
only with the onset of LB, which brings in the polluted air
from the interior landmass (in the absence of major
anthropogenic activities). Diurnal patterns of ozone mea-
sured during the 1997-1998 period showed a decreasing
trend by late evening and then a less prominent (secondary)
peak associated with the onset of LB [Nair ef al., 2002]. A
few months of data on NO, measured at this location during
1998 showed values as high as 15-20 ppb, whereas the
values observed for the present study ranged from 5 to
12 ppb. Probably because of the electrification of railways
and the implementation of several other pollution control
measures, NO, values over this site may have decreased
during the past few years. Hence, titration of ozone by NO,
occurred only after the onset of LB. In addition to this gas
phase reaction, dry deposition also causes a reduction of the
ozone level in the boundary layer during nighttime
[Ripperton and Vukovich, 1971]. The low boundary layer
height and reduced vertical mixing during the night lead to
more ozone deposition on the surface and reduced concen-
tration close to the ground. Among these, the gas phase
chemistry dominates [Vukovich, 1973].

[22] The high levels of NO, observed during nighttime
are closely linked with the onset of LB, as can be seen in
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Figure 11. A plot of monthly mean daytime surface ozone
and maximum temperature.

Figure 10. In addition, they are linked with other boundary
layer characteristics. At this observation site the nocturnal
boundary layer is shallower than its daytime counterpart by
a factor of ~3 [Kunhikrishnan et al., 1993], confining the
pollutants to lower altitudes. As wind speed is also low
during the night (Figure 4g), there is a rapid reduction in the
ventilation coefficient (the product of boundary layer height
and mean wind speed in the boundary layer), which restricts
the dispersion of gases and other pollutants. This results in
the confinement of NO, to lower regions of the atmosphere,
leading to an increase in concentration.

4.4.2. Effect of Temperature and Water Vapor on
Surface Ozone and NO,

[23] On a diurnal basis (Figures 4a and 4e) ozone shows a
positive correlation with temperature, which is a measure of
the intensity of incident solar radiation and consequently of
the effectiveness of photochemistry. Figure 11 shows a plot
of monthly mean daytime surface ozone and the corre-
sponding maximum temperature. Ozone is positively cor-
related with temperature, with a coefficient of ~0.77. The
positive relationship between ozone concentration and
temperature is well established and explained on a theoret-
ical basis [Duerias et al., 2002; Tu et al., 2007]. A large
amount of experimental evidence exists that shows the
positive correlation of ozone and temperature [Wolff and
Lioy, 1978; Clark and Karl, 1982; Tu et al., 2007].

[24] Water vapor content in the atmosphere also plays a
crucial role in the production and destruction of ozone.
Since RH depends on temperature and is anticorrelated
(Figures 4e and 4f), in the present study the absolute water
vapor content is examined instead of RH. From simulta-
neous measurements of temperature and RH, water vapor
content (p,) (g m>) can be estimated using the following
empirical relation [Kneizys et al., 1980]:

ps = Aexp(18.9766 — 14.95954 — 2.438842), (6)
A=T,/(T, + 1),
T=T,+t1,
pv = ps(RH/100)[1 — (1 — RH/100)(p,R,T/P)]™",  (7)
where p; is the saturation density of water vapor at ambient

temperature, T, = 273.15 K, ¢ is temperature in °C, R, is the
gas constant for water vapor (4.615 x 10> mbar gm ° K "),
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and P is the total pressure in mbar. Figure 12 shows the
monthly variation of daytime p, along with surface ozone. It
can be seen that decrease in ozone is associated with
increase of p, in the atmosphere. During the monsoon sea-
son p, naturally increases to very high values (23 g m ) as
marine air mass with high water vapor content prevails
over the region. This can cause depletion of ozone through
reactions involving OH radicals, for which water vapor is
the source.

4.5. Comparison of Monthly Surface Ozone With
Other Locations in India

[25] Diurnal patterns of near-surface ozone with a noon-
time or afternoon high and a nighttime low are widely
observed features at urban sites [7Trainer et al., 1993, 1995;
Volz-Thomas et al., 1993; Kleinman et al., 1994; Olszyna
et al., 1994; Wang et al., 2001; Saito et al., 2002; Tu et al.,
2007]. Measurements made at the urban sites of Ahmeda-
bad [Lal et al., 2000] and Delhi [Jain et al., 2005] exhibit
symmetric diurnal variations in ozone centered at noontime.
At the high-altitude location of Mount Abu ozone shows a
double-hump structure in summer and spring [Naja et al.,
2003], due to the influence of transported ozone-rich air. At
another high-altitude location, Nainital, the diurnal pattern
does not show the signature of daytime photochemical
buildup of ozone. Instead, it shows a slight decrease after
sunrise [Kumar et al., 2010]. The diurnal pattern of ozone at
the industrialized inland location of Pune shows distinct
variation over the year [Beig et al., 2007]. The daytime peak
vanishes during July and August, and from January to March
the nighttime ozone concentration is significantly high. In
contrast to the daytime peaks recorded at many of these
other locations, the daytime peak measured at the observa-
tion site was broader, with a more or less steady value, and
extended until late at night (even after sunset), which we
attribute to the strong SB-LB activity at this coastal site, as
discussed in section 4.4.1. While the diurnal pattern is
governed by mesoscale features like SB-LB activity, the
seasonal pattern depends to a certain extent on the synoptic-
scale airflow and long-range transport. Table 2 shows the
monthly mean minimum and maximum concentrations of
surface ozone measured at different Indian sites. The maxi-
mum monthly mean ozone concentration at Trivandrum is
lower than that of the other locations but comparable with
that of Tranquebar, a tropical station on the east coast. The
monthly minimum among all the locations is observed at
Trivandrum.
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Figure 12. A plot of the monthly variation of daytime
water vapor content (p,) along with surface ozone.
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Table 2. The Monthly Mean Minimum and Maximum Concentrations of Surface Ozone Measured at Different Indian Sites

Location Surface Ozone (ppb)

Period of Study References

249 + 8410 672 + 142
(50-82) to (62-95)
251 +94 0488 +7.7
16.8 + 4.2 to 51.4 + 10.9
12.2 to 54.6
26.2+3.51048.9 + 7.7
18.1 + 10.8 to 33.6 + 20.6
17+71023+9
115 +4.7 to 28.1 + 16.2

Nainital (29.4°N, 79.5°E)
Delhi® (28.7°N, 77.2°E)

Mt. Abu (24.6°N, 72.7°E)
Ahmedabad® (23°N, 72.6°E)
Pune (18.5°N, 73.8°E)
Anantapur (14.6°N, 77.7°E)
Gadanki (13.5°N, 79.2°E)
Tranquebar (11°N, 79.9°E)
Trivandrum (8.5°N, 77°E)

Oct 2006 to Dec 2008 Kumar et al. [2010]

Since 1997 Jain et al. [2005]
1993-2000 Naja et al. [2003]
1991-1995 Lal et al. [2000]

Jun 2003 to May 2004
Jan 2002 to Dec 2003
1993-1996
May 1997 to Oct 2000
Nov 2007 to May 2009

Beig et al. [2007]
Reddy et al. [2008]
Naja et al. [2002]
Debaje et al. [2003]
Present study

“Monthly average maximum daytime concentration.

4.6. Comparison of Seasonal Variation of Surface,
Tropospheric, and Total Ozone

[26] A comparative study making use of the satellite data
discussed in section 3 was also carried out on the seasonal
variations of near-surface ozone, tropospheric ozone, tro-
pospheric NO,, and total ozone. The data corresponding to
the grid containing the observation site were used. Total
column ozone and tropospheric NO, data are available on
a daily basis, and tropospheric ozone data are available for
1-2 d month™', owing to limitations in the collocated data
from MLS and OMI. The monthly averaged near-surface
ozone and tropospheric ozone are shown in Figures 13a and
13b, respectively. These two patterns are more or less
consistent with low values from June through September
and increasing values from October onward, reaching
maxima during winter and summer. But the peak in tropo-
spheric ozone during summer (March—May) is more pro-
nounced than that of surface ozone, and the winter
(December—February) peak is more prominent for near-
surface ozone. Figure 13¢ shows the monthly mean tropo-
spheric NO, (precursor of ozone) exhibiting a seasonal
pattern similar to that of tropospheric ozone. A positive
correlation between tropospheric ozone and NO, is clearly
visible in the scatterplot in Figure 13e, which shows a
correlation coefficient of ~0.81 after removing the seasonal
cycle. The monthly mean total ozone (Figure 13d) shows a
different picture. It increased from the month of March or
April, reached a maximum in May, remained high until
September, and decreased in October, reaching a minimum
during the winter months. This seasonal pattern is associated
with strong photochemical activity combined with vertical
transport processes characteristic of the tropics and is well
understood [Staehelin et al., 2001]. It has been established
that the tropics is a region of intense photochemistry and
strong vertical motion of air masses associated with con-
vective activity [Holton et al., 1995]. The vertical motions
enable the mixing and transport of trace gases and aerosols
from the lower troposphere into the upper troposphere and
lower stratosphere (UTLS) region. Recent studies on the
climatology of vertical winds at altitudes of 4-22 km at
the tropical site of Gadanki (13.5°N, 79.2°E) using the
mesosphere-stratosphere-troposphere radar have shown that
the months from April to September are characterized by
strong vertical winds in the UTLS region [Thampi et al.,
2009]. The reduction in tropospheric ozone, surface ozone,
and tropospheric NO, during this period (Figures 13a
to 13c) may be partly associated with this strong vertical
motion. In addition, during this period winds are westerly-

southwesterly, which brings in the marine air mass (discussed
in section 4.2). It is also seen that the low surface ozone from
March to May is associated with an increase in tropospheric
ozone, which could be due to convective activity that lifts the
surface ozone to higher levels. The months of April and May
are also characterized by high NO,. In this context, it should
be noted that lightning is one of the sources of tropospheric
NO,, and in this region lightning is reported to be high in
April and May and in October and November [Das et al.,
2007]. The period from October to March, when updrafts are
weak or downdrafts are strong in the UTLS region [Thampi
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Figure 13. The monthly averaged (a) near-surface ozone,
(b) tropospheric ozone (measured in Dobson units), (c) tro-
pospheric NO,, and (d) total ozone and (e) a scatterplot of
tropospheric ozone with tropospheric NO,.
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Figure 14. Percentage contribution of (a) tropospheric to
total ozone and (b) surface to tropospheric ozone.

et al., 2009], is one of overall increase in tropospheric and
surface ozone.

[27] Figure 14 shows the percentage contribution of tro-
pospheric ozone to total ozone and that of surface ozone to
tropospheric ozone on a month-to-month basis. Tropo-
spheric ozone contribution to total column ozone varies
from 8% to 15% over a year, with the minimum observed
during the June—September period. Here it should be noted
that the error in the tropospheric column ozone is ~7 DU,
which includes the offset of 2 DU [Ziemke et al., 2009], and
the estimated standard deviation in monthly mean total
column ozone is 3-9 DU. Applying the theory of propa-
gation of errors, the estimated error in the percentage of
contribution lies in the range of 14%—-26%, with the maxi-
mum error observed during monsoon months and the min-
imum error observed in summer months. The measured
surface ozone level can be considered to represent the
concentration level in the atmospheric boundary layer owing
to its well-mixed nature. The present analysis shows large
variations (34%—-83%) in the contribution of boundary layer
ozone to total tropospheric column ozone. Minimum con-
tribution is observed during summer and monsoon months.
The percentage error in this case was found to be in the
range 1%—8% except for the month of May, when it was
10%—-12%.

5. Conclusion

[28] In this paper, the diurnal, monthly, and seasonal
variations of ozone observed at the tropical coastal site of
Trivandrum between November 2007 and May 2009 are
presented in the light of corresponding variations in the
precursor NO, and the mesoscale and synoptic meteoro-
logical conditions. Contributions of near-surface ozone to
tropospheric ozone and that of tropospheric ozone to total
columnar ozone have also been estimated by analysis of
satellite data. Major observations are summarized below.

[29] 1. The diurnal variation of ozone shows a broad
daytime peak extending from ~1000 LT to late evening and
reaching a minimum during the night. The daytime peak is
attributed to strong photochemical production of ozone from
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precursors and also to mesoscale circulations such as sea
breeze and land breeze. The daytime peak of ozone extends
until the onset of land breeze, which brings in the NO,
necessary for titration of ozone to occur.

[30] 2. High nighttime concentration of NO, is due to the
prevailing LB circulation and the shallow nighttime bound-
ary layer.

[31] 3. The amplitudes and durations of peaks in ozone
vary with season. Daytime ozone and nighttime NO, peak
during postmonsoon and winter months. On the other hand,
nighttime ozone and daytime NO, remain more or less
steady for all the seasons. Seasonal variations are associated
with changes in synoptic wind patterns, as revealed by air-
flow patterns and air mass back trajectories.

[32] 4. Even though photochemistry is strong during the
summer months, turbulent mixing transports ozone and
precursors to higher levels, thereby causing dilution of pol-
lutants near the surface. During the monsoon season synoptic
wind is westerly-southwesterly, bringing in pristine marine
air masses and thus reducing the ozone concentration.

[33] 5. The concentration of daytime ozone is positively
correlated with that of nighttime NO, on a monthly basis.
The present analysis reveals that one molecule of NO, or
NO, is responsible for the production of seven to nine
molecules of ozone at the surface level.

[34] 6. On a monthly basis, daytime ozone is positively
correlated with maximum temperature and negatively cor-
related with absolute water vapor content.

[35] 7. Tropospheric ozone and NO, show similar sea-
sonal patterns. Tropospheric ozone contributes 8%—15% of
total ozone over the observation site. Near-surface ozone
contributes 34%-83% of tropospheric ozone, with the
maximum contribution occurring during the winter months
of December, January, and February.
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